The charge asymmetry in superconductivity of hole- and electron-doped cuprates 
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Within the t-t'-J model, the charge asymmetry in superconductivity of hole- and electron-doped 
cuprates is studied based on the kinetic energy driven superconducting mechanism. It is shown 
that superconductivity appears over a narrow range of doping in electron-doped cuprates, and the 
superconducting transition temperature displays the same kind of the doping controlled behavior 
that is observed in the hole-doped case. However, the maximum achievable superconducting tran- 
sition temperature in the optimal doping in electron-doped cuprates is much lower than that of the 
hole-doped case due to the electron-hole asymmetry. 
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The parent compounds of cuprate superconductors are 
believed to belong to a class of materials known as Mott 
insulators with the antiferromagnetic (AF) long-range or- 
der (AFLRO), then superconductivity occurs by the elec- 
tron or hole doping^"^. Both hole-doped and electron- 
doped cuprate superconductors have the layered struc- 
ture of the square lattice of the Cu02 plane separated by 
insulating layers^'**. It has been found from experiments 
that only an approximate symmetry in the phase dia- 
gram exists about the zero doping line between electron- 
and hole-doped cuprates^'^. For hole-doped cuprates^"'^, 
AFLRO disappears rapidly with doping, and is replaced 
by a disordered spin liquid phase, then the systems be- 
come superconducting (SC) over a wide range of the hole 
doping concentration i5, around the optimal S ~ 0.15, 
however, AFLRO survives until superconductivity ap- 
pears over a narrow range of S around the optimal 
S ~ 0.15 in electron-doped cuprates, where the maxi- 
mum achievable SC transition temperature is much lower 
than hole-doped cuprates''''''®. Although this electron- 
hole asymmetry is observed in the phase diagram^'*^'^, 
the charge carrier Cooper pairs in the both optimally 
electron- and hole-doped cuprate superconductors have 
a dominated d-wave symmetry^" "'^. Since the strong 
electron correlation is common for both hole-doped and 
electron-doped cuprates, many of the physical proper- 
ties of electron-doped cuprates resemble that of the hole- 
doped case. By virtue of systematic studies using the nu- 
clear magnetic resonance, and muon spin rotation tech- 
niques, particularly the inelastic neutron scattering, it 
has been well established that the AF short-range corre- 
lation in both hole- and electron-doped cuprate supercon- 
ductors coexists with the SC state^'^^"^^. These provide 
a clear link between the charge carrier pairing mecha- 
nism and magnetic excitations, and show that both hole- 
and electron-doped cuprate superconductors have similar 
underlying SC mechanism^^. 

Within the t-J model, we^^'^* have discussed the 
kinetic energy driven SC mechanism in hole-doped 
cuprates based on the charge-spin separation (CSS) 
fermion-spin theory where the dressed holons interact 
occurring directly through the kinetic energy by exchang- 
ing dressed spin excitations, leading to a net attractive 
force between dressed holons, then the electron Cooper 



pairs originating from the dressed holon pairing state are 
due to the charge-spin recombination, and their conden- 
sation reveals the SC ground-state^^. The SC transi- 
tion temperature is controlled by both charge carrier gap 
function and single particle coherent weight. This single 
particle coherent weight grows linearly with increasing 
doping in the underdoped and optimally doped regimes, 
and then decreases with increasing doping in the over- 
doped regime, which leads to that the maximal supercon- 
ducting transition temperature occurs around the opti- 
mal doping, and then decreases in both underdoped and 
overdoped regimes^*. In this paper, we study the charge 
asymmetry in superconductivity of hole- and electron- 
doped cuprates along with this line. We show that su- 
perconductivity appears over a narrow range of doping 
in electron-doped cuprates, and the maximum achievable 
SC transition temperature in the optimal doping is lower 
than that of the hole-doped case due to the electron-hole 
asymmetry. 

In both hole- and electron-doped cuprates, the char- 
acteristic feature is the presence of the two-dimensional 
Cu02 plane^''* as mentioned above, and it seems evident 
that the unusual behaviors are dominated by this plane. 
Although the t-J model captures the essential physics 
of the doped Cu02 plane^*^, the electron-hole asymme- 
try may be accounted for by including further neighbor 
hoping t'^^. Therefore we start from the t-t'-J model, 

ifja ifcr 

+ flJ2cla. + JJ2^^■s,+f^, (1) 

with fj — ±x, ±j/, f = ztst ± y, Cj^ (Cia) is the electron 
creation (annihilation) operator. Si = CjaCi/2 is spin 
operator with a = [cx, cry, (7^) as Pauli matrices, and /i 
is the chemical potential. For the electron doping, we 
can perform a particle- hole transformation Cia 
so that the difference between hole and electron doping 
is expressed as the sign difference of the hopping param- 
eters, i.e., t > and t' > for hole doping and t < and 
t' < for electron doping^^, then the t-t'-J model (1) in 
both hole- and electron-doped cases is always subject to 
an important on-site local constraint to avoid the double 
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occupancy, i.e., Cj^Cia < 1- This single occupancy 
local constraint can be treated properly within the CSS 
fermion-spin theory^®, where the constrained electron op- 
erators arc decoupled as, C^i = hl^.S~, Cii = hl^S^ , 
with the spinful fermion operator hi^ = e~***''/ii de- 
scribes the charge degree of freedom together with some 
effects of the spin configuration rearrangements due to 
the presence of the doped charge carrier itself (dressed 
charge carrier), while the spin operator Si describes the 
spin degree of freedom (dressed spin), then the electron 
local constraint for the single occupancy is satisfied in 
analytical calculations, and low-energy behavior of the 
t-t'-J model (1) in this CSS fermion-spin representation 
can be expressed 8iS^'^~^^ , 



with Jeff = (1 — x)^ J, and 5 = {h\^hia) = {h\hi) is the 
doping concentration. As a consequence, the kinetic en- 
ergy terms in the t-t'-J model have been expressed as the 
interactions between dressed charge carriers and spins, 
which reflects that even the kinetic energy terms in the 
t-t'-J Hamiltonian have strong Coulombic contributions 
due to the restriction of no doubly occupancy of a given 
site. These interactions between dressed charge carriers 
and spins are quite strong, and we^^'^* have shown that in 
the case without AFLRO, these interactions can induce 
the dressed charge carrier pairing state (then the electron 
Cooper pairing state) by exchanging dressed spin excita- 
tions in the higher power of the doping concentration 
5. Since the SC state in both hole- and electron-doped 
cuprates is characterized by the electron Cooper pairs, 
forming SC quasiparticles^'^^, and in the real space the 
gap function and pairing force have a range of one lat- 
tice spacing^"^, therefore the order parameter for the elec- 
tron Cooper pair can be expressed as, A = (Cj^Cj^^j^ — 

{S^ S^^-)Afi, with the dressed charge carrier pairing or- 



der parameter 



hi+fj-\hii), which shows 



that the SC order parameter is closely related to the 
dressed charge carrier pairing amplitude, and is propor- 
tional to the number of charge carriers, and not to the 
number of electrons. Following the Eliashberg's strong 
coupling theory^"', we obtain the self-consistent equations 
that satisfied by the full dressed charge carrier diagonal 
and off-diagonal Green's functions as^''. 
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respectively, where the four- vector notation k = (k, icOn), 
the dressed charge carrier mean-field (MF) diago- 
nal Green's function^'' (;(°^~^(fc) = itOn — ^k, the 
MF dressed charge carrier excitation spectrum = 
Ztxilk - Zt'x2lL - ti, with 7k = {l/Z) e''' = 
[l/Z) e^^"^, Z is the number of the nearest neighbor 
or second-nearest neighbour sites, the dressed spin corre- 
lation functions xi = {S^ST^-) and X2 = {S:lS~^-), and 
the dressed charge carrier self-energy functions^^'^^. 
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where p = (p,ipm), p' = (p',ip^), and the MF dressed 
spin Green's function^^. 
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with i?p = Ai[2xf(e7p - 1) + XI (7p " e)] - A2(2x|7; - 
X2), Ai = 2ZJeff, \2 = AZ(j)2t', e = f + 2t(j)i/J,s, 
and the MF dressed spin excitation spectrum lu"^ = 

>li(7k)^ + ^2(7k)^ + ^37k7k + ^47k + A^i^ + Ae, 
with Ai = aeXliexl + Xi/2), ^2 = aAix2> A3 = 
-aAiA2(exf + exi + Xi/2), A4 = -eXl[a{xf + eXi/2) + 
{aCf + (f - a)/{4Z) - aexi/{2Z)) + {aCi + (1 - 
a)/{2Z) - axf/2)/2] + aX,X2iCs + eX2)/2, A5 = 
-3aAix2/(2Z)+aAiA2(xf+eXi/2+C|), A^ = Xl[aC! + 
(1 - a)/{4Z) - a€Xi/{2Z) + e^aC^ + (1 - a)/(2Z) - 
axf/2)/2] + A2(aC2 + (1 - a)/{2Z) - axi/2)/2) - 
Q;eAiA2C3, and the dressed charge carrier's particle- 
hole parameters ^1 = {h\^hi+f^„), 4>2 = {h\^hi+fa), 
the dressed spin correlation functions Xi = ('S'f <S'f+^), 

xl = is^s^^,), c, = (i/^^)E^,,'(^i^^-,,), cf = 

C3 = (l/2)Ef(^i^^r+f). and 

C| = {l/Z)J2f{Si+f,Si+f)- In order to satisfy the sum 
rule of the correlation function {S^S~) = 1/2 in the case 
without AFLRO, the important decoupling parameter a 
has been introduced in the MF calculation^^, which can 
be regarded as the vertex correction. 

In Eq. (4), the self-energy function I]2'^\k) is called as 
the effective dressed charge carrier gap function since it 
contains both pairing force and dressed charge carrier gap 

function, while the self-energy function S^''''(fc) renormal- 
izes the MF dressed charge carrier spectrum, and there- 
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fore it describes the single particle (quasiparticle) coher- 
ence. In particular, 'E2^\k) is an even function of iujn, 
while Y,['^\k) is not. For the convenience of discussions, 
we separate Ti^\k) into its symmetric and antisymmet- 
ric parts as, Y.[^\k) = {k) + iujn^[''J (k), then ^['l\k) 

andI]^^^(A;) are both even functions of itOn- According to 
the Eliashberg's strong coupling theory we can define 
the charge carrier single particle (quasiparticle) coher- 
ent weight Zp^{k) = 1 — S^q' (fc). On the other hand, the 

retarded function KeY!i^{k) may be a constant, indepen- 
dent of (k, w). It just renormalizes the chemical poten- 
tial, and therefore can be ncglcctcd^^. Furthermore, we 
only study the static limit of the effective dressed charge 
carrier gap function and single particle coherent weight, 
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i.e., S^^^(fc) = A,,(k), and Z^'(k) = 1 
though Zp{k.) still is a function of k, the wave vector 
dependence is unimportant, since everything happens at 
the electron Fermi surface. As in the previous discus- 
sions within the t-J model^*, the special wave vector 
can be estimated qualitatively from the electron momen- 
tum distribution as kg = kA — kp with kA = [7r,7r] 
and kp ~ [(1 — x)7r/2, (1 — x)7r/2], which guarantees 
Zp = Zi?(ko) near the electron Fermi surface. In this 
case, the dressed charge carrier diagonal and off-diagonal 
Green's functions in Eq. (3) can be rewritten explicitly 
as, 
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(6a) 
(6b) 



with a = Zpii,, Aft2(k) ^ ^i=^Aft(k), and the 
dressed charge carrier quasiparticle spectrum E^^ = 



I A.z(k) |2. 

Although superconductivity with both d-wave and s- 
wave symmetries appear within the t-J model, the SC 
state has a dominated d-wave symmetry in the optimal 
doping^^. Moreover, we^^ have discussed the effect of 
the additional second neighbor hopping t' on supercon- 
ductivity, and found that the d-wave SC pairing corre- 
lation is enhanced, while the s-wave SC pairing corre- 
lation is heavily suppressed. In this paper, we are in- 
terested in the charge asymmetry in superconductivity 
of hole- and electron-doped cuprates. To make the dis- 
cussions simpler, we only consider the d-wave case, i.e., 
A/,z(k) = Khzl'k \ "^ith 7^"*^ = (cosfca; - cosky)/2. In 
this case, the dressed charge carrier effective gap param- 
eter and single particle coherent weight in Eq. (4) satisfy 
the following equations^'''^^, 

k,q,p 



i^i^'^(k,q,p) 



J^fHk,q,p) 
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(q,p) 



-I- 



{ujp - Wq - £;p_q+ko)^ {Ojp -U}q + Ep-q+k^)"^ 



i^f (q,p) 



+ 



(Wp +UJq- E'p-q+ko )^ (Wp -I- Wq E'p-q+ko ) 



respectively, 

where Fi^^^(k,q,p) = (wp - Wq)[nB(wq) - nB(wp)][l - 

2nF{Ei,)] + E],[nB{uJp)nB{-UJq) + nB(wq)nB(-tjp)], 

J'i^^(k,q,p) = -(wp -t- Wq)[nB(wq) - nB(-Wp)][l - 
2nF{Ei,)] + Sk[ns(wp)nB(wq) -|- ns(-Wp)nB(-Wq)], 

^2^^(q,p) = riir(£;p_q+ko)[nB(Wq) - nsiujp)] - 
nB{LJp)nB{-u)q), '{ci,p) = nF(-E'p-q+ko)[»^i3(wp) - 
nB(Wq)] - nB(wq)nB(-Wp), 

F2'^\n,P) = "F(-E'p_q+ko)['^i3(Wq) - nB(-Wp)] + 

nB(wp)nB(t^q), -F2^'*^(q,p) = nF{Ep_q+i,J[nB{-ujci) - 
nsiuip)] -h nB(— Wp)nB(— Wq), and nsii^) and npi^) are 
the boson and fermion distribution functions, respec- 
tively. These two equations must bo solved simultane- 
ously with other self-consistent equations^^'^*, 

^^ = ^E7.(l-|th[i/3i..]), (8a) 

k 

^^=2^E7k(l-|th[i/3Ek]), (8b) 



s = 


wi:('-|">i>i). 


(8c) 


Xi = 


^E^'^lit^^^^i^^^'^]' 

k 


(8d) 


X2 = 


^E^'kl^^otM^M, 
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C3 = 


^ETk7L|;^coth[i/3a;k], 
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, (7b) 



3 



^^ = ^E7^lt^coth[i/3..(k)], (81) 

^3-^E7.7L|j^coth[i/?-.(k)], (8m) 

then all the above order parameters, decoupling param- 
eter a, and chemical potential /i are determined by the 
self-consistent calculation i > . 

It has been shown^^ that the dressed charge carrier 
pairing state originating from the kinetic energy terms by 
exchanging dressed spin excitations can lead to form the 
electron Cooper pairing state, where the SC gap func- 
tion is obtained from the electron off-diagonal Green's 
function rt(i - j,t- t') = {{Cl^{t)]C]^{t'))), which is 
a convolution of the dressed spin Green's function and 
dressed charge carrier off-diagonal Green's function, and 
reflects the charge-spin recombination^^. In the present 
case, this electron off-diagonal Green's function can be 
obtained in terms of the MF dressed spin Green's func- 
tion (5) and dressed charge carrier off-diagonal Green's 
function (6b) as, 



(iw„)2 - {up + £^p-k)^ 



)[nB{uJp) + np{Ep_i^)] 



p-k 



(9) 



With the help of this electron off-diagonal Green's func- 
tion, the SC gap function is obtained as A(k) = 
~(l//3)Sicj„ rt(k, «w„), and can be evaluated explicitly, 

Afk) = -— V ^F^hzip-h) 



1 B \ 

X tanh[-/3£:p_k]T7^coth[-/3wp], 



(10) 



which shows that the SC transition temperature Tc oc- 
curring in the case of the SC gap parameter A = is iden- 
tical to the dressed charge carrier pair transition temper- 
ature occurring in the case of the effective dressed charge 
carrier pairing gap parameter A^z = 0. Since the abso- 
lute values of t and t' are almost same for both hole- and 
electron-doped cuprates^^, and therefore in this paper, 
the commonly used parameters are chosen as t/ J — 2.5 
and t' /t = 0.3 for the hole doping, and t/J = —2.5 
and t' /t — 0.3 for the electron doping. In Fig. 1, we 
plot the SC transition temperature Tc as a function of 
the doping concentration 5 for (a) the electron doping 
and (b) the hole doping in comparison with the corre- 
sponding experimental results of Pr2_a;Cea;Cu04_j,* and 
La2_2;Sr2;Cu04^ (inset). Our results indicate that for the 
hole-doped case, superconductivity appears over a wide 
range of doping, where the maximal SC transition tem- 
perature Tc occurs around the optimal doping concentra- 
tion i5opt ~ 0.15, and then decreases in both underdoped 



and overdoped regimes. In analogy to the phase diagram 
of the hole-doped case, superconductivity appears over a 
narrow range of doping in the electron-doped side, where 
the SC transition temperature Tc increases sharply with 
increasing doping in the underdoped regime, and reaches 
a maximum in the optimal doping S^pt ~ 0.14, then de- 
creases sharply with increasing doping in the overdoped 
regime. However, the maximum achievable SC transi- 
tion temperature in the optimal doping in electron-doped 
cuprates is much lower than that of the hole-doped case 
due to the electron-hole asymmetry. Using an reason- 
ably estimative value of J ^ 800K to 1200K in doped 
cuprates, the SC transition temperature in the optimal 
doping is Tc « 0.22J « 176K - 264K for the hole- 
doped case, and Tc « 0.136J « 108K - 163K for the 
electron-doped case, in qualitative agreement with the 
corresponding experimental data^'^'^. 

The essential physics of the doping dependent SC tran- 
sition temperature in the electron-doped case is almost 
the same as in the hole-doped side, and detailed expla- 
nations have been given in Ref. [18]. In the frame- 
work of the kinetic energy driven superconductivity^^, 
the self-energy function E2^^(k) describes the effective 
dressed charge carrier pairing gap function, and mea- 
sures the strength of the binding of charge carrier pairs, 
while the antisymmetric part of the self-energy function 

E^Q^(k) (then Zp) describes the single particle (quasi- 
particle) coherence, and therefore Zp is closely related 
to the quasiparticle density. Since the SC state is estab- 
lished through an emerging quasiparticle^^, then the SC 
state is controlled by both gap function and quasipar- 
ticle coherence, which is reflected explicitly in the self- 
consistent equations (7a) and (7b). It has been shown 
that the doping dependent behavior of the single particle 
coherent weight resembles that of the supcrfluid density 
in doped cuprates^^, i.e., Zp grows linearly with the dop- 
ing concentration in the underdoped and optimally doped 
regimes, and then decreases with increasing doping in the 
overdoped regime, which leads to that the SC transition 
temperature reaches a maximum in the optimal doping. 




FIG. 1. The superconducting transition temperature as a 
function of the doping concentration with (a) t/ J = —2.5 
and t' /t = 0.3 for the electron doping and (b) t/J = 2.5 
and t' /t — 0.3 for the hole doping. Inset: the corresponding 



experimental results of Pr2-a;Cea;Cu04- 
and La2-2,SriCu04 from Ref. [3]. 



taken from Ref. [8] 
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and then decreases in both underdoped and overdoped 
regimes. On the other hand, it has been shown^^ that 
AFLRO can be stabihzcd by the t' term for the electron- 
doped case, which may lead to the charge carrier's local- 
ization over a broader range of doping, this is also why 
superconductivity appears over a narrow range of doping 
in electron-doped cuprates. 

In the CSS fermion-spin theory the physical electron 
is decoupled as the dressed charge carrier hi^ = e^'^^'''hi 
and spin Si- Since the phase factor in the dressed 
charge carrier is separated from the bare spinon oper- 
ator, and then it describes a spin cloud Therefore 
the dressed charge carrier hia- is a spinless fermion hi 
(bare charge carrier) incorporated the spin cloud e^**'" 
(magnetic flux), thus is a magnetic dressing. In other 
words, the dressed charge carrier carries some spin mes- 
sages, i.e., it shares its nontrivial spin environment. It 
has been shown^^ that these dressed charge carrier and 
spin are gauge invariant under a local U(l) gauge trans- 
formation, and in this sense, they are real and can be in- 
terpreted as the physical excitations. In doped cuprates, 
the normal-state above the SC transition temperature 
exhibits a number of anomalous properties which is due 
to CSS^", while the SC state is characterized by the 
charge-spin recombination^^. Based on the CSS fermion- 
spin theory, we^® have discussed the charge dynamics of 
the underdoped cuprates in the normal-state, and show 
that under temperature T* , the magnetic fluctuation is 
strong enough to lead to a pseudogap. This pseudogap 
would reduce the charge carrier scattering and thus is 
responsible for the temperature linear to the nonlinear 
range in the in-plane resistivity and the crossovers to 
the insulating-like range in the c-axis resistivity. Fur- 
thermore, the temperature T* is doping dependent, and 
grows monotonously as the doping concentration de- 
creases, and disappear in higher doping^^. It has been 
shown^^ that this pseudogap (then the temperature T*) 
is obtained from the charge carrier Green's function in 
the normal-state by considering the second-order cor- 
rection due to the spin pair bubble. In the kinetic en- 
ergy driven SC mechanism^'^'^^, the charge carrier pair- 
ing state (then the electron SC-state and SC transition 
temperature Tc) occurrs directly through the kinetic en- 
ergy by exchanging spin excitations, and is controlled 
by both charge carrier gap function and single particle 
coherent weight. This single particle coherent weight 
is obtained from the charge carrier quasiparticle diag- 
onal Green's function in the SC-state by considering the 
second-order correction due to the spin pair bubble, and 
at the same time is effected by the dressed charge carrier 
pair gap function (then the charge carrier quasiparticle 
off-diagonal Green's function), which is shown explicitly 
in the self-consistent equations (7a) and (7b). Moreover, 
this dressed charge carrier pairing amplitude (then the 
SC order parameter) is proportional to the number of 
charge carrier quasiparticles (then the supcrfluid den- 
sity), and not to the number of electrons as mentioned 
above, which leads to^^ that the single particle coherent 



weight Zf{Tc) resembles that of the superfluid density. 
In other words, T* is closely related to the spin fluctua- 
tion, while Tc is self-consistently governed by the single 
particle coherence and dressed charge carrier pair gap 
function, this is why there are some differences between 
T* and T^. 

In summary, within the framework of the kinetic en- 
ergy driven the SC mechanism^'^, we have discussed 
the charge asymmetry in superconductivity of hole- and 
electron-doped cuprates based on the t-t'-J model. Our 
results show that for the hole-doped case, supercon- 
ductivity appears over a wide range of doping, where 
the maximal SC transition temperature occurs around 
the optimal doping concentration, and then decreases 
in both underdoped and overdoped regimes. In anal- 
ogy to the phase diagram of hole-doped case, supercon- 
ductivity appears over a narrow range of doping in the 
electron-doped side, where the SC transition tempera- 
ture increases sharply with increasing doping in the un- 
derdoped regime, and reaches a maximum in the optimal 
doping, then decreases sharply with increasing doping in 
the overdoped regime. However, the maximum achiev- 
able SC transition temperature in the optimal doping in 
the electron-doped case is much lower than that of the 
hole-doped side due to the electron-hole asymmetry. Our 
these results are in qualitative agreement with the exper- 
imental observations. 
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